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Abstract
The bombard Mons Meg, located in Edinburgh Castle, with a diameter of 19 inches (48 cm), was one of the largest calibre cannons ever built.
Constructed in 1449 and presented to King James II of Scotland in 1454, Mons Meg was used in both military and ceremonial roles in Scotland
until its barrel burst in 1680. This paper examines the history, internal, external and terminal ballistics of the cannon and its shot. The likely muzzle
velocity was estimated by varying the propellant type and the cannon profile was investigated to identify weak spots in the design that may have
led to its failure. Using the muzzle velocity calculated from the internal ballistics, simulations were performed with granite and sandstone shot for
varying launch angle and ground temperature. The likely trajectory and range of the cannonballs are described. The internal and external ballistics
informed the initial conditions of the terminal ballistic impact scenarios. The performance of the cannonball against both period and modern
targets, in the form of a pseudo-castle wall and a monolithic concrete target, respectively, were simulated and are presented and discussed.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
As one of the larger and well documented surviving medi-
eval cannons, Mons Meg stands in pride of place at Edinburgh
Castle and in its history (Fig. 1). Constructed around 1449 in
Mons, part of what is now modern day Belgium, at the request
of Duke Philip the Good of Burgundy [2], the bombard was
intended as a wedding present to King James II of Scotland,
who, in 1457 married Duke Philips’ great niece, Mary of
Gueldres.
Customs records date Mons Meg’s first arrival on Scottish
shores around 1457 [3], seemingly first taking place in battle at
the siege of Roxburgh Castle in 1460, although this is not yet
backed up in any way other than stories from the time [3]. The
earliest written record of her active role in service is during the
10 day bombardment of Norham Castle in 1513 [4] during
which she is reported to have destroyed both the castle’s inner
and outer wall. Her last use as a defensive weapon was during
the Lang Siege 1571–73, after which she was only used for
ceremonial duties.
One of the most famous stories about the bombard was the
two month siege of Threave Castle by James II. The story goes
that the first cannonball fired at the keep passed straight through
the wall and severed the hand of Margaret Douglas as she was
drinking inside.
Once retired from active military service she found a new
role as a display piece at Edinburgh Castle. However, on 30
October 1680, to celebrate the visit of James Duke of York and
Albany to Edinburgh, the barrel burst, effectively ending her
operational life.
This paper investigates and discusses the internal, external
and terminal ballistics of the cannon. The internal ballistics
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Fig. 1. Mons Meg at Edinburgh Castle. Licensed under creative commons
attribution-share alike 2.0 generic license [1].
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calculates the likely muzzle velocity of the cannon and
analyses the possible reasons for the barrel bursting. The exter-
nal ballistics uses the results from the internal ballistics to
analyse and predict the cannonball trajectory and likely final
velocity and impact angles. This is used to investigate its ter-
minal performance against modern targets and period, castle-
type targets.
2. The cannon
Mons Meg is constructed of wrought iron, sometimes called
charcoal iron, a highly variable iron, both in chemical compo-
sition and slag content. However it is a very ductile metal and
the levels of slag have made the iron extremely resistant to
corrosion [5]. It measures over 4 m in length, with a bore of
50 cm and weighing over 6000 kg [3], easily making it one of
the largest (by calibre) stone firing cannons in history.
It is divided into 2 distinct parts, the powder chamber, and
the barrel. The powder chamber measures 1.16 m in length, and
varies from 0.59 to 0.53 m in diameter (Fig. 2). It is likely that
the powder chamber is constructed from one billet of iron
which has been hammer-beaten on a mandrel to achieve the
correct inner dimensions. The barrel measures 2.88 m in length
externally, and varies from 0.63–0.75 m in diameter. It is con-
structed from 25 staves running the length of the barrel which
are covered and held in place by 33 hoops. These would have
been heated in a furnace and placed over the staves, as these
cooled they would tighten to hold the barrel together and fasten
the staves to the powder chamber.
Mons Meg fired cannonballs roughly 490 mm in diameter.
During Mons Meg’s operation lifetime in the 15th and 16th
centuries, iron shot was not available and the cannonballs were
made from local stone. There are records [7] which indicate
both sandstone and granite shot was used to give mass ranges
of 130–140 kg and 160–170 kg for the different stone,
respectively.
Black powder was used as the propellant charge for the
bombard but there is no specific data about the amount used for
Mons Meg. A minimum and maximum likely propellant mass
[7] of 29.5 kg and 34 kg, respectively, was assumed.
3. Internal ballistics
3.1. Muzzle velocity
To calculate the muzzle velocity of Mons Meg, the analytical
code Proteus was used. Proteus is a 1 dimensional, lumped
parameter code used to solve for combustion of gases and
internal pressures; it is similar to IBHVG2 [8], and internal
studies have shown the predictions of both codes to be
comparable.
There were three likely black powder compositions in use
during Mons Meg’s operation lifetime and one from when the
barrel burst, each with a different range of pressure produced.
Proteus matched these shot pressures to calculate the muzzle
velocities. The results shown in Table 1 average the propellant
mass and pressure range, whilst assuming a 160 kg granite
cannon ball, to produce a single muzzle velocity for each
composition.
As there is no definite source for which type of powder was
used in Mons Meg, an average of the 14th and 16th century
powders (its operational timespan) was used as the expected
muzzle velocity of the cannon, 315.0 m/s. This value was taken
forward to be used in the external ballistics section.
The above value of 315.0 m/s was reached after several
refinements to the model. An initial value of 319.1 m/s was
previously calculated and used in both the external and terminal
ballistics work as the research was running in close to parallel
due to time and resource limits.
3.2. Internal pressure and the bursting of the barrel
As mentioned above in 1680, the barrel of Mons Meg burst
during ceremonial duties. This section investigates whether the
amount or type of powder could explain the manner and loca-
tion of failure.
Following research from various sources, agreed values for
the key dimensions of the cannon were used in the QinetiQ
Barrel Design Software (QQ-BDAS). Although the method of
manufacture of Mons Meg is different from that assumed in
QQ-BDAS, it was decided that this software would give suffi-
ciently representative pressure limits.
QQ-BDAS is a QinetiQ proprietary code and thus has not
been referenced in open literature, although it was developed
using the gun design calculation methods outlined in “Text-
book of Ordnance and Gunnery” [9] authored by William H
Tschappat, and “Vickers and Sons Maximum Ltd – Their works
and manufacturers” [10] by Alex Richardson.
The cannon profile input in QQ-BDAS is show in Fig. 3.Fig. 2. External and cross-sectional view of Mons Meg [6].
Table 1
Pressured produced by period black powder compositions [7].
Period Composition name Range of
pressure/
MPa
Average muzzle
velocity/(m·s−1)
14th century John Arderne Feuerwerkbuch 44–51 328.6
16th century Whitehorne 22–25 231.1
16th century Bruxelles 66–76 385.4
17th century British government Formula 92–105 425.3
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An output from QQ-BDAS is a graph showing pressures
along the barrel; this is shown in Fig. 4. In this case the key
information is the Safe Maximum Pressure which is shown in
red, and the Margin of Safety shown in black.
QQ-BDAS does not use the internal pressure calculated in
Proteus but uses the propellant impetus. This was set as a
standard value for all the black powder compositions so they
could not be individually compared. This does however show
any “weak” points in the weapon using a black powder
propellant.
The Safe Maximum Pressure is the theoretical maximum
pressure that the cannon can contain, without sustaining
damage, predicted by QQ-BDAS. The Maximum Internal Pres-
sure Weald Hills (W/H) shows the theoretical propagation of
gas pressure along the profile. The Margin of Safety is calcu-
lated as the ratio between the Safe Maximum Pressure and
Maximum Internal Weald Hills Pressure. It is evaluated at every
point along the cannon and varies from 1.3 to 9.6. A safety
factor of 1.3 does not allow much room for error; this drop in
safety occurs between 1.36 m and 1.74 m along Mons Meg, and
extends roughly between hoops 3 and 7 from the breech end.
This drop in factor of safety is caused by the internal diameter
of the cannon increasing dramatically where the powder
chamber opens out to accommodate the cannon ball.
The Margin of Safety Minimum Requirement is only rel-
evant in modern weapons during strength of design investiga-
tions, but it gives a good reference point to show how safe Mons
Meg was likely to have been to fire.
By comparison between the graph and the location of failure
along the cannon, shown in Fig. 4, the damaged portion of
Mons Meg, from the 1680 firing lines up very closely to the
predicted drop in safe pressure from QQ-BDAS. This shows
that the modern model of the cannon is a valid representation of
the actual item and correctly predicts the area of failure.
Calculations from the Journal of the Ordnance Society [7]
suggest that based on the mode of construction and the quality
of iron used, the maximum permissible pressure within Mons
Meg before damage starts to occur is 87 MPa. The same article
states that a pressure of 110 MPa and over would be enough to
destroy the barrel.
The pressure ranges of the black power compositions (as
well as an earlier, weaker powder and a composition created
after the bursting) compared to the two pressure limits above is
show in Fig. 5. This indicates the use of a more powerful
powder, unavailable during Mons Meg’s operational lifetime,
as the possible cause of the cannon’s failure in 1680. It cannot
be ruled out that other factors may have assisted in the failure of
the barrel; an inferior quality powder could have been used,
which may have led to unstable deflagration, causing pressure
waves to propagate along the barrel and in its worst form, this
could lead to a minor detonation. Although it cannot be stated,
with certainty, to be the cause of the barrel burst, we can show
that the damage occurred at a weak point in the barrel’s
construction.
4. External ballistics
4.1. Drag and pressure
The most important factor to consider when determining the
trajectory of a fast moving projectile is drag. Drag refers to
Fig. 3. External and internal profiles of Mons Meg used in QQ-BDAS.
Fig. 4. QQ-BDAS output compared Mons Meg failure location.
Fig. 5. A comparison of black powder energetic potential [7].
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forces acting opposite to the relative motion of any object
moving with respect to a surrounding fluid and it is therefore
used to calculate the deceleration of an object. Below is the drag
equation
F u C AD D=
1
2
2ρ (1)
where FD = drag force; ρ = mass density of the fluid (air in the
case of Mons Meg); u = flow velocity relative to the object;
CD = drag coefficient; A = reference area.
As can be seen from Eq. (1), the drag force will increase as
the velocity increases. The drag coefficient is a function of the
Reynolds number and is therefore not constant meaning it will
change for different velocities. There is no set formula to cal-
culate it as it can only be approximated using experimental data
and changes with numerous variables. The Reynolds number,
Re, is a dimensionless quantity which is used to help predict
similar flow patterns in different fluid flow situations and incor-
porates several of these variables.
Re
inertial forces
viscous forces
uL
= =
ρ
μ
(2)
where L = characteristic linear dimension (the diameter of the
cannonball in this case); μ = dynamic viscosity of the fluid.
Eq. (2) indicates that Re increases with velocity. Air density
and viscosity also affect the Reynolds number and how this is
calculated will be discussed later. All ranges of Reynolds
number have been included in the calculation of the drag coef-
ficient but in reality only high velocity ranges will be needed as
the projectile will still be travelling at over 100 m/s when it
reaches its trajectory end point.
The Reynolds number relating to the drag on a sphere can be
separated into five separate categories [11]
1) Ideal or attached flow: Re<1,
2) Separated flow: 1 10< <Re ,
3) Unsteady oscillating flow: 10 105< <Re ,
4) Laminar boundary layer flow: 10 105 6< <Re ,
5) Turbulent boundary layer flow: Re>106.
The most important stages when considering the Mons Megs
cannonball trajectory are the fourth and fifth stages as the
projectile would remain within these flow stages for the dura-
tion of its flight due to the high velocity at which it would be
travelling.
In the fourth case, a laminar boundary layer with a wide
turbulent wake, the boundary layer on the windward side of the
sphere is laminar and orderly and the chaotic wake is initiated
as the flow turns onto the leeward side of the sphere [11].
The fifth case is a turbulent boundary layer with a narrow
turbulent wake. The boundary layer transitions to chaotic tur-
bulent flow with vortices of many different scales being shed in
a turbulent wake from the body. The separation point is initially
slightly downstream from the laminar separation point, so the
wake is initially slightly smaller and the drag is less than the
corresponding laminar drag (stage 4) [11]. In normal atmo-
spheric conditions this equates to a velocity of around 250 m/s
for the Mons Meg cannon ball. This velocity would be a lot
higher if the projectile were smaller. The effect of Reynolds
number on the drag coefficient is shown in Fig. 6.
4.2. Trajectory program
To calculate the trajectory of the cannonball, an analytical
computer program was written in MATLAB. The program
requires the user to define ground temperature, muzzle velocity,
angle of the cannon with respect to the horizon and the mass of
the projectile. The program calculates an initial air viscosity
and density and resolves the velocity into x and y components.
The Mons Meg trajectory model calculates new air densities
and viscosities as it steps through time. This is calculated from
an initial ground temperature (i.e. when y = 0). At the beginning
time step, a new temperature is calculated using the lapse rate,
the rate at which the temperature decreases with increasing
altitude and is equal to 6.4 °C/km under normal atmospheric
conditions [13]. Using this temperature the air density and
viscosity can be calculated with the functions ρ T( ) and η T( ).
These functions are polynomial interpolations of tables con-
taining air density and viscosity as a function of temperatures
[14]. The main portion of the program is the loop which recal-
culates the velocity and maps the trajectory into x and y arrays
every 0.01 seconds, taking into account both drag and gravity.
A time step of 0.01 seconds was used as a smaller time step
does not affect the trajectory but does significantly increase the
computation time of the program. This runs until the trajectory
reaches ground level (y = 0).
The drag model used in the program is taken from [15] and
the trajectory model has been validated with data from [16].
4.3. Results
Initially the Mons Meg trajectory model was used to inves-
tigate the effect of changing the air temperature, initial angle
and muzzle velocity has on the range of the bombard. Unless it
is the variable being varied, the initial conditions of the program
were a muzzle velocity of 300 m/s, initial angle of 15°, ground
temperature of 15 °C and a projectile mass of 149 kg. This
refers to a cannonball made from sandstone.
Table 2 shows that increasing the temperature from 0 °C to
30 °C increases the range of the cannon but only by 2.77%. This
relationship is the lower air densities at higher temperatures
Fig. 6. Relative change in drag coefficient with respect to Reynolds number
[12].
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which, when substituted into Eq. (1), will produce a slightly
lower drag forces. Table 3 shows how range varies with initial
cannon angle including percentage increase from 10° result.
Again, intuitively the range will increase as the initial angle
is raised to 45°; however, this relationship is not linear. This is
because the ranges are converging to a maximum which occurs
at 45°. This was to be expected as can be seen in the experi-
mental results found in [17]. A 45° initial inclination would
mean the muzzle of the cannon would be 2.86 m off the ground
which is infeasible considering the mass of the cannon. It was
agreed that a 15° inclination would be used for future trajectory
calculations.
It is interesting to note that between 10° and 30° the terminal
velocity decreases. This is because the projectile is spending
longer in flight and is therefore affected by more drag. However,
between 30° and 45° the terminal velocity increases again. This
is because the projectile is reaching a higher altitude so the
acceleration due to gravity is having a greater effect. Table 4
shows how range varies with muzzle velocity including per-
centage increase from 210.8 m/s result.
As to be expected, the higher muzzle velocities produced a
significantly greater range. The muzzle velocity range tested
was suggested by the internal ballistics.
Two specific muzzle velocities were also tested, 319.1 m/s
and 315.0 m/s. These are the pre and post refinement predic-
tions for the expected muzzle velocity of Mons Meg using
period black powder. Table 5 shows the Mons Meg trajectory
model results for the two calculated muzzle velocities.
Simulations have also been run using alternative methods, for
example, using different atmosphere models and different drag
models. However, the results showed that there were little differ-
ences in the predicted final velocities and ranges, and the numbers
stated in the paper represent typical values from the study.
5. Terminal ballistics
5.1. Background
One of the most famous stories about the bombard was the
two month siege of Threave Castle (Fig. 7) by James II in 1455.
Table 2
Table showing how range varies with ground temperature including percentage increase from 0 °C result.
Temperature/°C 0 5 10 15 20 25 30
Range/m 2863.1 2872.3 2880.7 2888.5 2904.2 2921.5 2942.6
Increase N/A 0.3% 0.6% 0.9% 1.4% 2.0% 2.8%
Table 3
Table showing how range varies with initial cannon angle including percentage increase from 10° result.
Angle/(°) 10 15 20 25 30 35 40 45
Range/m 2207.2 2888.5 3412.0 3811.9 4106.8 4305.4 4413.3 4432.1
Increase N/A 31% 55% 73% 86% 95% 100% 101%
Table 4
Table showing how range varies with muzzle velocity including percentage increase from 210.8 m/s result.
Muzzle velocity/(m·s−1) 210.8 255.1 299.4 343.7 388.0 432.3
Range/m 1750.1 2317.0 2880.3 3491.8 4082.0 4647.8
Increase N/A 32% 65% 100% 133% 166%
Table 5
Table showing the Mons Meg trajectory model results for the two calculated
muzzle velocities.
Muzzle velocity/(m·s−1) Final velocity/(m·s−1) Final angle/(°) Range/m
315.0 208.0 22.12 3170.6
319.1 209.2 21.33 3229.8
Fig. 7. Modern day Threave Castle. Licensed under creative commons
attribution-share alike 2.0 generic license [18].
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The story goes that the first cannonball fired at the keep passed
straight through the wall and severed the hand of Margaret
Douglas as she was drinking inside. Although historians have
discredited this account, this work investigated whether this was
possible.
This section also looks at the terminal ballistics of the
cannon against modern targets, specifically a reinforced, mono-
lithic concrete target. The impact conditions have come from
the internal and external ballistics simulations discussed earlier.
Both analytical equations and hydrocode modelling were
used to assess the capability of Mons Meg against period and
modern targets. The cannonball was modelled as a 160 kg,
490 mm diameter granite sphere and the target designs are
described later. Several assumptions were made in this work,
importantly the cannonball ball was assumed to behave as a
rigid body. This was both a prerequisite of the analytical equa-
tions and necessary due to the lack of validated failure data for
the material model used for the cannonball.
5.2. Analytical investigation
There is very little validation data for granite cannonball
impacts. Anecdotal historical evidence exists for period, castle-
type targets but there is nothing in open literature for perfor-
mance of a granite sphere impacting a modern concrete target.
Therefore an analytical investigation was undertaken to provide
data points from which to compare the hydrocode simulations
for the modern target.
The analytical equations used are only valid for normal
impacts so two different impact speeds were analysed, the
muzzle velocity and final velocity. These values provided the
full range of possible depths of penetration for the cannon.
The analytical model used here was derived [19] from the
Forrestal Spherical Cavity Expansion model. Forrestal et al.
developed the empirical equations for predicting the penetra-
tion depth of projectiles into concrete and earth-type targets
based on cavity expansion theory, taking into account the
dimensions of the projectile (including nose shape), impact
velocity and target properties [20].
Initially, an open-form analytical equation for penetration
depth was used to estimate the depth of penetration [21]. This
split the penetration process into two regimes, a cratering phase
(when the penetrator was less than two diameters into the
targets) and a tunneling phase after that. The depth of penetra-
tion, P, equation for this is shown below
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where the projectile has mass m, radius a, nose factor N based
on the calibre radius head, striking velocity Vs and initial tunnel
region velocity V1. The target is defined by density, ρ,
compressive strength, ′fc , and a dimensionless empirical
constant that multiplies the compressive strength, S .
However, the large calibre of the projectile, 0.24 m for the
cannonball, pushed the equations into non-realistic regimes
with V1 becoming imaginary. This is obviously unusable and
therefore an earlier form of the spherical cavity expansion
model was used [20]. These equations were non-ideal and
closed-form as several of the constants in the equations were
derived from specific target sets. Forrestal et. al. looked at the
sensitivity to certain constants and found the difference to be
negligible. However, the analytical equations for this study are
mainly to provide added confidence to the hydrocode simula-
tions and do not need to be precise. It was therefore decided that
these equations would be sufficient to guide the hydrocode
modelling and assumed that they hold valid for these scales of
problem.
Here a spherical cavity is expanded at a constant velocity
and produces a plastic response immediately surrounding the
cavity and an incompressible elastic region around that. If the
striking velocity is high enough, the plastic region can be rep-
resented by a locked hydrostat. As the velocity of the penetrator
decreases, there is a transition velocity, Vt , where the linear
hydrostat is a better approximation [19,20]. This is governed by
target material properties, specifically the density and yield
stress Y .
The perpendicular force acting on a projectile is defined in
[20]
F a Y A BV= +
−( )⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
π 2
2
28 1
24
ψ
ψ s
(5)
where
A=( ) − ( )[ ]2 3 1 ln η* (6)
B
Y
Y
E
Y
E
= + −
⎛
⎝
⎜⎜⎜
⎞
⎠
⎟⎟⎟ +
( ) − −( )
−( )
⎡
⎣
⎢
⎢
ρ
γ
η η η η
η
0
2
2 2 33
1
3
2
3 4
2 1
*
* * *
*⎢
⎤
⎦
⎥
⎥
⎥
(7)
γ η= +⎛
⎝
⎜⎜⎜
⎞
⎠
⎟⎟⎟ − −( )
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥1 2
1
3
1
3Y
E
* (8)
Here, E is the Young’s Modulus, η* is the locked volumetric
strain, taken as 0.04 [20], and ψ is the calibre radius head of the
projectile. In the case of a sphere or spherical nose ψ =1 2;
for a cannonball, this therefore reduces Eq. (5) to
F a Y A
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Forces from both hydrostats can be written in the same form
F V= +α β s2 (10)
Allowing the depth to be calculated from
− = =F m
V
t
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V
z
d
d
d
d
s
s
s (11)
Depth of penetration is then calculated for the locked
hydrostat and then added to the linear hydrostat solution [20].
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α = πa YA2 (14)
β = πa YB2 (15)
The internal and external ballistics calculations provided the
maximum and minimum impact velocities. The standard
modern target was set as a 50 MPa monolithic concrete target.
The values in Table 6 show a penetration depth of less than
a radius of the cannonball for both impact velocities. The
Muzzle Velocity impact is calculated from both hydrostats;
however, the Final Velocity impact is already below Vt and
therefore is drive solely by the linear hydrostat solution.
The analytical model predicts a modern target standing up
very well to a large calibre cannonball. These values for pen-
etration depth were used as sanity checks and comparisons to
make sure the hydrocode simulations were producing sensible
results.
5.3. Hydrocode simulations
Simulations were performed using the Lagrangian
hydrocode DYNA3D which has a proven capability of predict-
ing depth of penetration into different types of targets.
DYNA3D includes advanced material models as well as
advanced interface and fracture routines.
The granite cannonball was modelled using a simple elastic
material model with a Young’s Modulus of 50 GPa and a Pois-
son’s Ratio of 0.17 [22]. This was modelled as a rigid body with
no failure or fracture. This presented the “best-case” in terms of
penetration where the cannonball itself does not deform or
break up and would therefore have a deeper penetration depth
than if it did fracture.
Two targets types were modelled, a 2 m thick, semi-infinite
50 MPa concrete target (replicating the analytical work) and a
castle-type target. Depending on the impact conditions the sce-
narios were either simulated in quarter or half symmetry to
reduce the computational load and run time.
The castle target was designed to be similar to Threave
Castle, famously linked with Mons Meg. There is little available
information about the exact properties of the stone and mortar
that was used to construct Threave Castle but the stone was
most likely taken from the surrounding land and held together
with a lime mortar [23].
The majority of the stone found in the moorland of Dumfries
and Galloway, the location of the castle, is granite. As there was
no validated failure and fracture model for granite available, a
concrete model with a compressive strength of 200 MPa, gran-
ite’s minimum compressive strength [22], was used. The lime
mortar was not explicitly modelled but simulated as interface
between the individual bricks with a break stress of 1.5 MPa.
Values for the strength of the lime mortar varied from 0.58 MPa
to 2.37 MPa [24], therefore, 1.5 MPa was used as the rounded
median value. The castle target was simulated as a series of
interlocking bricks in several layers with a steel surround to
help confine the bricks. Fig. 8 shows the hydrocode set-up for
the two target types.
5.3.1. Modern targets
Guided by the analytical equations and the results above, the
50 MPa concrete target was 2 m thick to provide a semi-infinite
target to properly predict depth of penetration. It was also over
20 times the cannonball radius in diameter in order to remove
edge effects. Three impact scenarios were simulated to investi-
gate the range of possible penetration depths and any effect of
ricochet.
Similar to the analytical modelling, the hydrocode predicted
penetration depths less than the radius of the cannonball.
Fig. 9 below shows the final state of the hydrocode model-
ling for the normal impacts. Table 8 and Fig. 10 show the data
and compares it to the analytical results.
The larger difference seen for the final velocity impact simu-
lation is most likely due to the analytical model relying on the
linear hydrostat equations which may not be valid at the scales
involved.
The final velocity from the external ballistics exercise was
also simulated with the angular impact (Table 7). This required
the simulation to be performed in half symmetry due to the
asymmetrical impact conditions. The final state of the
hydrocode simulation for this angled impacts in shown in
Fig. 11.
The hydrocode simulations are in close agreement with the
analytical modelling, within 6% for the higher velocity impacts,
giving added confidence to the hydrocode results. There is very
little difference between the normal and angled impacts for the
209.2 m/s impact velocity. There is not enough engagement for
the angle of attack of the cannonball to have any pronounced
effect.
Table 6
Depth of penetration values from analytical equations for maximum and
minimum velocities.
Velocity location Speed/(m·s−1) Depth of penetration/m
Muzzle velocity 319.1 0.205
Final velocity 209.2 0.096
Fig. 8. Quarter symmetry examples of modern and three layer castle targets.
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The data above shows that modern defensive structures
would hold up very well against a 13th century siege weapon.
Even at point blank range the cannonball will, at most, leave a
small dent in the concrete and most likely ricochet or bounce off
the target.
5.3.2. Period castle targets
Castle construction often used stones and rock that were
locally sourced and simply picked up from the ground which
meant that there is a wide range of stone sizes in most castle
walls. It is, however, difficult, complicated and time consuming
to replicate this construction in the simulations so the targets
were designed with separate layers of interlocking bricks, with
breakable “slideline” interfaces (described previously) between
both the bricks and the separate layers.
Threave Castle keep is described as being 3 m thick but the
number of bricks, cells and interfaces required to model this
size target is beyond the capability of DYNA3D to run in any
sensible timeframe. Therefore this investigation looked at the
penetration and perforation trend when the number of layers
and the thickness of the bricks in a 3 layered target are
increased. This data was then extrapolated into the penetration
performance of Mons Meg.
The bricks used in this investigation were initially
260 mm × 260 mm × 520 mm. The target width and height was
over 10 times the diameter of the cannonball to remove edge
effects in the simulation. For targets with multiple layers, the
brick layout in the rows was staggered alternatively between
Fig. 9. Maximum depth of penetration for normal impacts at (a) 319.1 m/s and (b) 209.2 m/s.
Table 7
Impact conditions for modern target hydrocode simulations.
Velocity description Speed/(m·s−1) Impact angle/(°)
Muzzle velocity-normal 319.1 0.0
Final velocity-normal 209.2 0.0
Final velocity-angled 209.2 21.3
Table 8
Maximum depth of penetration for hydrocode and analytical modelling and the
difference between them.
Impact condition DYNA3D/m Analytical/m Difference/%
319.1/(m·s−1) 0.0° 0.194 0.205 −5.7
209.2/s 0.0° 0.127 0.096 +24.4
Fig. 10. Graph of maximum depth of penetration in the hydrocode model
compared to the analytical model. The angled impact condition only has the
hydrocode result due to the analytic model being limited to normal impacts
only. Fig. 11. Maximum depth of penetration for 21.3°, 209.2/s impact.
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layers so there was not a single interface failure path through
the thickness of the target. The number of cells in the simula-
tions, proportional to the computational load, was the limiting
factor for the number of layers, restricting it to three. Each layer
of bricks added roughly 635,000 cells, pushing the three layer
target close to 2 million cells in quarter symmetry.
Due to the concern of the number of computational cells
mentioned above, the simulations were limited to the “best
penetration” case, a muzzle velocity of 319.1 m/s normal
impact, allowing the modelling to be performed in quarter
symmetry.
Table 9 shows the results for the period castle targets mod-
elled. The size of the bricks used and the number of layers is
compared to the exit velocity and, if the cannonball was
arrested by the target, their final depth of penetration.
Fig. 12 shows the impact against a single layer brick target.
There are two different failure mechanism occurring: (i) the
brick along the central axis is simply pushed out of the way
once the 1.5 MPa failure stress of the slideline is reached and is
then free to move and (ii) the cannonball “tears” through the
other bricks as it passes through the wall. Mons Meg could
easily perforate a 260 mm thick single layer brick wall and has
an exit velocity of 162 m/s.
The two layer target unfortunately encountered some
numerical instability along the brick to brick interfaces which
cause the simulation to crash before completion. It did however
run long enough for some initial conclusions to be made.
Fig. 13 shows the bricks in the second layer in the path of the
cannonball, and central axis brick of the first layer, have already
been pushed out and are travelling with a velocity greater than
the cannonball at the last time, implying they will have no
further effect on the result.
The velocity profile of the cannonball has also plateaued at
roughly 60 m/s. All the bricks along the shot line, having failed
break interfaces, are moving out of the way. This is thus
assumed to be the predicted exit velocity of the cannonball with
the caveat of qualitatively larger error bounds for this result.
The impact against the three layer target was very similar in
response to that seen in the two layer target. The velocity profile
of the cannonball plateaued at roughly 24 m/s. Fig. 14 shows
the initial and final state of the hydrocode modelling.
If these three results are extrapolated, assuming a linear
decreasing trend of exit velocity as the number of layers of
bricks are increased, to stop the cannonball the wall requires at
least four layers of 260 mm thick bricks.
The thickness and size of the individual bricks in the three
layer target were also increased in increments of 20 mm
Table 9
Table summarizing the exit velocities and depths of penetration (DoP) against
varying period targets. The estimates of the exit velocity were necessary as the
cannonball had not completely cleared the target.
Brick size/mm Number of layers Exit velocity/(m·s−1) DoP/mm
260 × 260 × 520 1 162 N/A
260 × 260 × 520 2 ~60 N/A
260 × 260 × 520 3 ~24 N/A
280 × 280 × 560 3 ~10 N/A
300 × 300 × 600 3 ~4 N/A
320 × 320 × 640 3 0 207
340 × 340 × 680 3 0 201
Fig. 12. Pre and post impact images of single layer brick target impacted
normal at the muzzle velocity of Mons Meg.
Fig. 13. Pre and post impact images of double layer brick target impacted
normal at the muzzle velocity of Mons Meg showing brick interface issues.
Fig. 14. Pre and post impact images of triple layer brick target impacted normal
at the muzzle velocity of Mons Meg showing brick interface issues.
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thickness, as shown in Table 9. Fig. 15 presents the velocity
profiles of the simulations and the results show that the 320 mm
and 340 mm thick bricks stop the cannonball in the target.
6. Conclusions and recommendations
Internal ballistics codes and calculations provided an
average expected muzzle velocity of 315.0 m/s for black
powder available during Mons Meg’s operational lifetime. The
following external ballistics works investigates trajectory of the
cannonball using this muzzle velocity. A value of 319.1 m/s was
also examined in the external and terminal ballistics sections
due time constraints.
QQ-BDAS also correctly predicts the weak point in the
cannon where it failed and postulates that the use of a more
modern, powerful black powder could have been the cause of
the barrel bursting.
The Mons Meg trajectory model was used to investigate the
effect of varying air temperature, initial angle and muzzle
velocity.
The final speed and trajectory of the internal ballistics’
expected muzzle velocities was also calculated and carried
forward to investigate the cannon’s terminal ballistic
performance.
This section began talking about the siege of Threave Castle
and whether Mons Meg could break through the keep walls
with enough residual velocity to remove the hand of a person
inside. The hydrocode modelling has shown that, even with
ideal conditions in terms of impact velocities, target design and
rigid projectile material, the cannonball would fail to break
through a 1.0 m period castle wall, let alone the 3 m thick keep
walls of Threave Castle. This agrees with the lack of cannon
damage to the keep, which is still standing to this day. Mons
Meg is also predicted to have very little effect on modern
concrete targets.
These attempts to simulate period weaponry and castle
targets have provided many lessons learnt. To accurately model
the scenarios in the hydrocode, material tests will be needed to
define the material models and failure criteria. This would mean
failure in the cannonball could be implemented which may
dramatically affect the results. The design of the target can be
made more representative of the “real life” structure by explic-
itly including the mortar between the stones and rocks. The size
and distribution of the stones can also be improved including
have larger rocks spanning several layers. It would also be
interesting to model the castle-type target for an angled impact.
This would remove the mechanism of the bricks along the axis
simply being pushed out the back.
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